Abstract Natural and agricultural ecosystems harbor a wide variety of microorganisms that play an integral role in plant health, crop productivity, and preservation of multiple ecosystem functions. Interactions within and among microbial communities are numerous and range from synergistic and mutualistic to antagonistic and parasitic. Antagonistic and parasitic interactions have been exploited in the area of biological control of plant pathogenic microorganisms. To date, biocontrol is typically viewed from the perspective of how antagonists affect pathogens. This review examines the other face of this interaction: how plant pathogens respond to antagonists and how this can affect the efficacy of biocontrol. Just as microbial antagonists utilize a diverse arsenal of mechanisms to dominate interactions with pathogens, pathogens have surprisingly diverse responses to counteract antagonism. These responses include detoxification, repression of biosynthetic genes involved in biocontrol, active efflux of antibiotics, and antibiotic resistance. Understanding pathogen self-defense mechanisms for coping with antagonist assault provides a novel approach to improving the durability of biologically based disease control strategies and has implications for the deployment of transgenes (microorganisms or plants).
INTRODUCTION
The ability of naturally occurring microorganisms to inhibit the growth or metabolic activity of deleterious microorganisms has been studied intensively during the past century and continues to inspire research in many fields, including drug discovery and crop protection. Interest in biological control of plant pathogens by introducing antagonistic microorganisms onto plant surfaces, into growing media, or onto propagative material has further increased in the past decade. This increased interest is, in part, due to the desire to enhance the sustainability of agriculture and 0066-4286/03/0901-0501$14.00 502 DUFFY SCHOUTEN RAAIJMAKERS horticulture and also because biocontrol may provide control of plant diseases that can not, or only partially, be managed by other strategies (27) .
Most studies on the biocontrol of plant pathogens focus on a multitude of factors related to the behavior of the microbial antagonist (the antagonist perspective), i.e., how antagonists affect pathogens; which mechanisms, metabolites, and genes are involved; and how antagonists behave and survive after introduction into a specific environment. Consequently, substantial progress has been made in the identification of biosynthetic and regulatory genes involved in suppression of plant pathogens by antagonistic microorganisms (67) , and in identifying microbial traits that contribute to disease suppression and the ecological competence of introduced biocontrol agents (99, 190) . In contrast, responses of plant pathogens to biocontrol agents (the pathogen perspective) have received little attention. Studies on the efficacy of biocontrol agents often consider only one single strain of the target pathogen and, with respect to sensitivity to a particular antagonistic trait, only one specific stage in the life cycle of the pathogen. Most pathogen populations, however, are not evolutionary static entities, but instead harbor substantial genetic variation and comprise numerous structures that allow pathogens to respond rapidly to environmental changes. Thus, analogous to the relatively rapid changes observed within pathogen populations to chemical control agents, one may postulate that strong selection pressure exerted by biocontrol agents also may result in responses and changes within pathogen populations toward resistance. However, resistance development in pathogen populations to biocontrol is presumed not to develop, or at least relatively slowly. In this context, Handelsman & Stabb (62) suggested that most biocontrol agents suppress disease via more than one mechanism, and that resistance to multiple antagonistic traits should occur only at a very low frequency. Second, antagonistic microorganisms are thought to exert only limited selection pressure since they operate in microsites on the plant surface where only a fraction of the pathogen population is exposed during a short period of its life cycle. In the case of antibiosis, only minute amounts of the compound(s) are produced by the biocontrol agent as opposed to the inundative application of chemical pesticides (150) . These conditions, among others discussed below, are expected to exert a relatively low selection pressure for the buildup of resistance in pathogen populations to biocontrol. To date, however, the limited amount of experimental data on resistance of pathogens to biological control makes it difficult to draw sound conclusions on the stability or, conversely, erosion of biological control systems.
This review highlights current insights and concepts in pathogen defense mechanisms to counteract microbial antagonism. Just as microbial antagonists utilize a diverse arsenal of mechanisms to dominate interactions with pathogens, pathogens have surprisingly diverse responses to cope with antagonism from coexisting microorganisms, including antagonists and, in some cases, other pathogens vying for the same substrate/host. Many of our examples are presented from a different perspective and, it is hoped, will be sufficiently provocative to stimulate new approaches to understanding and improving biocontrol. We focus primarily on 503 defense mechanisms of plant pathogenic fungi and bacteria. For a conceptual review of the responses and defense mechanisms of insect pests to biocontrol, we refer readers to Holt & Hochberg (69) . Pathogen defense mechanisms are presented for the major biocontrol mechanisms, which include antibiosis, competition, parasitism, and hypovirulence.
LESSONS FROM PATHOGEN DEFENSE AGAINST TOXINS AND PESTICIDES
Prior to reviewing defense mechanisms of plant pathogenic fungi and bacteria against biocontrol, we first give a brief summary of defense mechanisms of pathogens described in the areas of chemical control and plant-pathogen interactions. Both areas of research have clearly shown that plant pathogens possess ample mechanisms to deal with a series of toxic compounds from various sources. [For more comprehensive reviews on these topics we refer readers to (34, 39, 124, 158, 159, 176) ]. First, many plant pathogens themselves produce toxins with broad-spectrum activity, which enable them to defend their habitat and to infect plants. Second, pathogens are confronted with a range of plant defense compounds, phytoalexins, and phytoanticipins, which play a role in resisting penetration and subsequent infection. Third, many xenobiotic compounds have been introduced into the environments where pathogens reside, with deliberate application of agrochemicals for crop protection or pollution with other xenobiotics.
Various mechanisms have been described that enable plant pathogens to resist such toxic compounds. Toxins can be inactivated by enzymatic degradation and a wide variety of responsible enzymes with either narrow or broad substrate specificities have been described, like acetyltransferases, hydrolases, hydratases, demethylases, and cytochrome P450-dependent monooxygenases (78, 114, 117, 176) . The latter are particularly renowned because, in addition to their sometimes wide substrate specificity, these heme proteins can perform an array of reaction types, ranging from oxidative reactions, like monooxygenations and dehydrogenations, to nonoxidative reactions, like reductions and isomerizations (104). The pathogen can also acquire resistance by modification of the toxin target sites. This was reported for phytoanticipin resistance (114, 176) and, in particular, fungicide resistance (158) . Finally, toxins can be actively exported out of cells through membranebound pumps in order to reduce the toxin concentration at the target. Overall, membrane transporters are present from archaebacteria to man and enable both influx and efflux of many different compounds (Figure 1 ). In plant pathogens, efflux pumps can play an important role in the export of endogenous toxins, resistance against fungicides and insensitivity to plant defense compounds (3, 51, 65, 118, 119, 135, 147, 169, 170, 178) . Resistance can be based on a combination of these mechanisms (176). Disruption of one mechanism will then only partially abolish resistance or, in some cases, be fully compensated for 505 by other defense mechanisms. Resistance development against one toxin can also lead to resistance to other, chemically unrelated toxins. This phenomenon of multidrug resistance (MDR) is frequently observed in plant pathogens and may be mediated by both degradative and nondegradative resistance mechanisms (39, 149).
PATHOGEN DEFENSE AGAINST ANTIBIOSIS
Antibiotics encompass a heterogeneous group of organic, low-molecular-weight compounds that are deleterious to the growth or metabolic activities of other microorganisms. Numerous antibiotics have been isolated from fungal and bacterial biocontrol strains (62, 137) . Biocontrol agents not only exhibit diversity in the type but also in the number of antibiotics produced by an individual strain. This indicates that for at least some biocontrol agents, several antibiotics may account for the suppression of specific or multiple plant diseases. Furthermore, many of the antibiotics produced by biocontrol agents have a broad-spectrum activity. For example, pyrrolnitrin, produced by strains of Pseudomonas, Burkholderia, Enterobacter, and Serratia species, has shown activity against several economically important pathogens, including Rhizoctonia solani, Botrytis cinerea, Verticillium dahliae, and Sclerotinia sclerotiorum (89). For many of the antibiotics produced by biocontrol agents, genes involved in the biosynthesis and regulation have been cloned and sequenced. This knowledge has provided tools to further enhance the efficacy of biocontrol agents, either by increasing production levels or by combining traits.
In the following sections, we discuss several examples of biocontrol systems in which defense mechanisms of pathogens against antibiotics (including volatiles) have been described. In those cases where actual data are lacking, we evaluate the potential mechanisms that exist within pathogen populations to resist antibiotic compounds produced by biocontrol agents.
Natural Diversity in Sensitivity of Pathogens to Antibiotics
There are numerous studies on antibiotics produced by antagonistic microorganisms and their role in biocontrol of plant pathogenic fungi and bacteria (137, 190) . For many of these antibiotics, the activity and chemical structure have been determined, but, surprisingly, for relatively few is the mode of action known. Several studies have addressed the variation in sensitivity of pathogenic fungi and bacteria to antibiotics produced by antagonists (Table 1) . Gurusiddaiah et al. (61) determined the activity of phenazine-1-carboxylic acid (PCA), an antibiotic produced by antagonistic Pseudomonas species, against a range of fungi and oomycetes. Cochliobolus sativus, Gaeumannomyces graminis var. tritici, Pythium aristosporum, Pythium heterothallicum, Pythium volutum, and R. solani were relatively sensitive to PCA, whereas other Pythium species, including P. ultimum var. sporangiiferum, were relatively insensitive. Variation in sensitivity among PCA, phenazine-1-carboxylic acid; 2,4-DAPG, 2,4-diacetylphloroglucinol; POH, 1-hydroxyphenazine; HCN, hydrogen cyanide; ND, not determined.
Pythium species was also recently studied (155) for the phenolic antibiotic 2,4-diacetylphloroglucinol (2,4-DAPG), with P. volutum as the most sensitive and Pythium deliense as the most insensitive. Whether the level of sensitivity within fungal and oomycete species is representative for all individual isolates of the species remains to be determined.
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Mazzola et al. (107) screened 66 individual isolates of the take-all fungus G. g. var. tritici, collected from populations of different geographic origin, for sensitivity to both 2,4-DAPG and PCA. Radial growth assays on plates showed considerable variation in sensitivity among isolates for both antibiotics. Even among multiple isolates from a single field, substantial variation in sensitivity to these antibiotics was observed. In general, the fungal isolates included in their study were more sensitive to PCA than to 2,4-DAPG. The biological relevance of the observed variation in sensitivity was elegantly demonstrated by the fact that 2,4-DAPGor phenazine-producing Pseudomonas strains failed to control take-all caused by the 2,4-DAPG-or PCA-insensitive G. g. var. tritici isolates, respectively. Notably, the 2,4-DAPG-producing Pseudomonas strain was also incapable of suppressing take-all caused by PCA-resistant isolate 1818, suggesting that cross resistance to both compounds may play a role.
Recent studies showed that substantial variation in sensitivity to 2,4-DAPG exists among pathogenic and nonpathogenic Fusarium oxysporum (A. Schouten, G. van den Berg, V. Edel, N. Gautheron, P. Lemanceau & J.M. Raaijmakers, unpublished data). In a collection of 70 pathogenic F. oxysporum, representing 13 formae speciales, and 27 nonpathogenic F. oxysporum isolates, 18% and 25% of the isolates, respectively, were insensitive to 2,4-DAPG. Preliminary analysis indicates that there is no clear relationship between 2,4-DAPG insensitivity and geographical origin or formae speciales of F. oxysporum, suggesting that the traits responsible for 2,4-DAPG-insensitivity are relatively ancient, have developed independently, or are easily transferred within and between populations. Similar levels of insensitivity to 2,4-DAPG were found among natural populations of B. cinerea Bélanger & Deacon (13) and Benyagoub et al. (16) found that growth of F. oxysporum f.sp. radicis-lycopersici was not inhibited by the biocontrol agent Sporotrix flocculosa. Pathogen insensitivity was attributed to tolerance to purified toxins produced by this yeast-like fungus. S. flocculosa was effective against both B. cinerea and Cladosporium cucumerinum, suggesting that sensitivity to antibiotics can dictate the host range of an antagonist.
Variation in sensitivity to the antibiotic gliotoxin produced by antagonistic strains of Trichoderma and Gliocladium was observed for pathogenic Rhizoctonia and Pythium species (73) , and for different anastomosis groups of R. solani (74) . Insensitive pathogens accumulated less gliotoxin than did sensitive pathogens, and the mechanism for natural insensitivity to this toxin was proposed to involve selective binding of gliotoxin to thiol groups in the cytoplasmic membrane (73) . When sensitive pathogens were exposed to gliotoxin at low concentrations, toxicity was reversible, indicating active pathogen defense to concentrations that may be more typically encountered in natural ecosystems (64) . Levy et al. (86) were, to our knowledge, the first to study in detail resistance mechanisms in a plant pathogen to antibiotics produced by Pseudomonas. They showed that addition of sublethal concentrations of 1-hydroxyphenazine to liquid cultures of Mycosphaerella graminicola resulted in an increase in catalase, peroxidase, and superoxide dismutase, enzymes involved in scavenging of active oxygen species. Additionally, melanin biosynthesis significantly increased by 42%. Melanins are polymers with varying composition, containing a polymeric nucleus with quinone, hydroxyquinone, and semiquinone moieties together with protein, carbohydrate, and lipid moieties. These compounds support survival under adverse conditions and can act as a "sponge" for free radicals (14) . The presented data suggest that 1-hydroxphenzine imposed oxidative stress on M. graminicola and that the primary defense action of the fungus against 1-hydroxyphenazine is a detoxification of active oxygen species. Since 1-hydroxyphenazine eventually disappeared from the culture medium, the authors also postulated that this fungus is capable of protecting itself against the deleterious effects of the antibiotic via degradation. Similar responses to phenazine antibiotics were found in other organisms. Mahajan-Miklos et al. (103) reported that pyocyanin, produced by human pathogenic strains of P. aeruginosa, contributes to the fast killing of the nematode Caenorhabditis elegans through the generation of active oxygen species. A C. elegans mutant with increased tolerance for oxidative stress mediated by increased levels of catalase and superoxide dismutase was more resistant to fast killing. Conversely, a mutant with reduced activity of superoxide dismutase was more sensitive to the antibiotic. In addition to detoxification of oxygen radicals, they found that efflux pumps play a role in the resistance of C. elegans to pyocyanin. Mutant NL130, disrupted in the ABC transporter genes pgp-1 and pgp-3, was also very sensitive to pyocyanin-producing bacteria. This sensitivity was alleviated in the presence of bacteria defective in pyocyanin synthesis.
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Resistance Mechanisms to Antibiotics Produced by Pseudomonas
Recently, Schoonbeek et al. (148) demonstrated the role of efflux pumps in resistance of B. cinerea to antibiotics produced by antagonistic Pseudomonas. They showed that several phenazine antibiotics induced expression of the ABC transporter gene BcatrB in a dose-dependent manner. BcatrB replacement mutants were more sensitive than their parental strain to pure phenazines and phenazineproducing Pseudomonas strains. The biological relevance of the ABC transporter was further confirmed in a bioassay. When phenazine-producing Pseudomonas strains were sprayed onto tomato leaves, a BcatrB replacement mutant was significantly less capable than its parental strain of inciting disease symptoms. Biochemical analysis of the leaf confirmed the accumulation of phenazines to relatively high concentrations. When phenazine-deficient Pseudomonas mutants were applied, no differences in development of disease symptoms were observed between the disruption mutant and the parental strain. Uptake experiments confirmed that phenazine antibiotics act as a substrate of BcATRB. BcATRB also confers 509 decreased sensitivity to the phytoalexin resveratrol and the phenylpyrrole fungicides fenpiclonil and fludioxinil. Hence, BcATRB can be regarded as a trait that confers multidrug resistance. Another interesting aspect of the study by Schoonbeek et al. (148) was the differential effect on B. cinerea by pyrrolnitrin and fludioxonil, a fungicide derived from pyrrolnitrin (89). In contrast to fludioxonil, pyrrolnitrin did not elevate expression of BcatrB in the parental strain. In addition to phenazine antibiotics, 2,4-DAPG also induced expression of BcatrB. However, BcatrB replacement mutants showed similar sensitivity to 2,4-DAPG as their parental strain, indicating that induction of expression of a particular ABC gene does not necessarily imply that the encoded protein acts as a major transporter of that compound. Since 2,4-DAPG also induced expression of BcatrD, this transporter may have operated in BcatrB mutants, thereby compensating for deficiency in BcATRB-mediated efflux.
Bacterial Efflux Pumps and Antibiotic Resistance
Efflux pumps are present in a wide range of bacteria, and in lactic acid bacteria they have been found to play a role in resistance to bacteriocins and other antimicrobial compounds excreted by competitors (139) . Recently, two multidrug efflux pumps (AcrB, NorM) were identified in Erwinia amylovora that play a role in pathogen tolerance to apple phytoalexins, to the synthetic antibiotic tetracycline, and to an antibiotic produced by the biocontrol bacterium Pantoea agglomerans (A. Burse & M.S. Ullrich, unpublished data). In Erwinia chrysanthemi, ybiT encoding a putative ABC transporter is essential for competitive fitness against endophytic bacteria during plant infection (92).
Resistance to Antibiotics Produced by Bacillus
Bacillus species are appealing candidates as biocontrol agents. They have the capability to produce effective and broad-spectrum antibiotics, like peptides, lipopeptides, aminoglycosides, and aminopolyols [(151) and references therein]. Bacillus cereus strain UW85 synthesizes both zwittermicin A (66) and kanosamine (110). Bacteria were insensitive to kanosamine; growth of 26 fungal species was inhibited by kanosamine, ranging from less than 30% for most species to more than 50% for Ustilago maydis (110). For the four oomycete species tested, significant variation in sensitivity was observed, with Pythium aphanidermatum and Pythium torulosum being less sensitive to kanosamine than Aphanomyces euteiches and Phytophthora medicaginis. Handelsman and coworkers (111, 161) have identified the zmaR gene in B. cereus that encodes ZmaR protein, which inactivates zwittermycin A by acetylation. Understanding self-resistance in antibiotic-producing biocontrol strains may provide valuable insight into potential self-defense mechanisms that could develop in pathogen populations.
Leifert et al. (83) characterized the antibiotics produced by Bacillus subtilis strain CL27 and Bacillus pumilus strain CL45. CL27 produced three compounds, of which two were identified as peptides. One had activity against Alternaria brassicicola and the other had activity against both A. brassicicola and B. cinerea. The third antibiotic was not peptide based and also showed activity against B. cinerea. Based on TLC analysis, a similar compound was present in CL45. Although CL27 produces different compounds with antibiotic activity against B. cinerea, results obtained by Li & Leifert (88) suggested that the pathogen could develop resistance against the biocontrol agent after repetitive treatment of Astilbe hybrida plants. In glasshouse experiments, B. cinerea was effectively controlled in the first seven growth cycles of Astilbe plants, but in cycles eight and nine the biocontrol efficacy dropped dramatically. In the tenth cycle, strain CL27 was completely ineffective in controlling B. cinerea infection, and in vitro assays showed that culture filtrates of strain CL27 were no longer able to inhibit mycelial growth of the recovered B. cinerea.
Resistance to Agrocin 84
Crown gall, caused by the soilborne bacterium Agrobacterium tumefaciens, is a disease of many dicotyledonous plants resulting in substantial yield losses in fruit tree stocks, grapevine, and ornamentals. Agrobacterium radiobacter strain K84, now referred to as A. rhizogenes K84 (132), is the most well-characterized and commercially successful biocontrol agent for crown gall (113) . Production of the antibiotic agrocin 84 is a key component of the biocontrol activity of strain K84. Agrocin 84 is believed to inhibit DNA replication and is transported into cells of A. tumefaciens via agrocinopine permease, a periplasmic protein encoded by genes carried on certain, but not all, types of the Ti plasmid present in sensitive strains of A. tumefaciens [(160) and references therein]. In strain K84, agrocin 84 biosynthetic and resistance genes are located on the conjugative plasmid pAgK84 (141) . Resistance to agrocin 84 is determined by two distinct loci (immA and immB) of pAgK84, and each region alone appears to be sufficient to confer resistance (141, 183) . Interestingly, mutations mapping to either region abolish production of agrocin 84, but have no effect on resistance itself (141, 183) . With respect to resistance in pathogen populations to agrocin 84, van Zyl et al. (175) screened 65 strains and isolates of A. tumefaciens, representing each of the known biotypes, for in vitro and in vivo susceptibility to strain K84. All of the biotype 3 strains tested were resistant to K84, whereas high percentages of biotype 1 and 2 strains were susceptible. In an earlier in vitro study, Cooksey & Moore (28) showed that in three A. tumefaciens strains and one A. rhizogenes strain mutation rates for resistance to agrocin 84 were relatively high, ranging from 2. To further evaluate the transfer frequency, pathogenicity, survival, and stability of transconjugants, Stockwell et al. (1996) carried out a field experiment with cherry seedlings treated with K84 and A. tumefaciens. Transconjugants were detected in 4 of 13 galls, and the estimated frequency of pAgK84 transfer was approximately 10 −4 transconjugants per recipient. A transconjugant strain retained the plasmid for up to seven months in the rhizosphere of field-grown plants, colonized the rhizosphere of cherry to the same extent as its parental strain and caused crown gall.
To minimize the risk of erosion of the biocontrol activity of K84, derivative strain K1026 was constructed that still produces agrocin 84 but lacks the tra region necessary for horizontal transfer of pAgK84 (72) . Subsequent studies by Vicedo et al. (179) revealed that K1026 colonized roots of seedlings of two peach cultivars as well as K84 and was as effective as its parental strain in biocontrol of agrocin 84-sensitive and -resistant strains of A. tumefaciens. Based on these results, the authors suggested that K1026 was a safer organism than K84 for biocontrol of crown gall. One may question, however, if engineering of derivative K1026 was necessary to safeguard the biocontrol efficacy of K84, given that K84 has been reported to effectively control crown gall caused by agrocin 84-resistant A. tumefaciens (96, 131). Recent studies have indicated that multiple other mechanisms may be involved in the biocontrol activity of K84. These mechanisms include the production of (a) another agrocin, referred to as agrocin 434 (41), (b) an antibiotic-like substance designated ALS84 (130) , and (c) a hydroxamate siderophore, the latter possibly being the same compound as ALS84 (132) . Collectively, these studies suggest that multiple mechanisms have, so far, precluded erosion of biocontrol of A. tumefaciens by A. radiobacter K84. Recent studies, however, have reported A. tumefaciens strains that are not only resistant to agrocin 84 but also to agrocin 434 and ALS84 (131) . The implications of resistance to multiple compounds for the long-term stability of biocontrol by K84 remains unclear and is further discussed below in a more general context.
Pathogen Signaling to Repress Biosynthesis of Antimicrobial Compounds
The first example of phytopathogen signaling influencing interactions with an antagonist was described by Duffy & Défago (43) for the repression of phl biosynthetic genes in biocontrol strain CHA0 of Pseudomonas fluorescens by the tomato crown and root rot pathogen F. oxysporum f.sp. radicis-lycopersici (Table 2) . They identified fusaric acid, a pyridine-carboxylic acid with phyto-and mycotoxigenic activity produced by Fusarium, as a pathogen signal that specifically repressed 2,4-DAPG biosynthesis by the biocontrol bacterium in a hydroponic tomato production system (43). Fusaric acid is a repressor of phlA promoter gene expression, 
DUFFY SCHOUTEN RAAIJMAKERS
513
with complete loss of expression at concentrations of 500 µM (146) . Blocking fusaric acid production by the pathogen with zinc fertilization relieved phlA repression and improved the biocontrol activity of CHA0 on tomato (43), affirming the role of fusaric acid as the pathogen signal and demonstrating one practical approach to circumvent this pathogen defense. Fusaric acid specifically represses 2,4-DAPG and has no effect on expression of other antimicrobial metabolic genes, such as hydrogen cyanide (43; B. Duffy, C. Keel & G. Défago, unpublished data). Examination of an ecologically and geographically diverse collection of 2,4-DAPG producing strains of P. fluorescens (76) revealed two clusters with all strains that synthesize 2,4-DAPG and pyoluteorin, such as CHA0, being similarly sensitive to fusaric acid repression, and strains lacking pyoluteorin biosynthetic genes being relatively insensitive to this pathogen signal (B. Duffy & G. Défago, unpublished data). Biocontrol efficacy of these strains was positively correlated with their ability to synthesize 2,4-DAPG in the presence of fusaric acid (42), indicating that application of fusaric acid-insensitive Pseudomonas strains could be another practical approach to overcome this pathogen defense. Schnider-Keel et al. (146) used a phlA -lacZ translational fusion to elucidate the mechanism behind fusaric acid signaling in strain CHA0. In a phlF mutant, Reporter gene expression was unaffected by fusaric acid, indicating that PhlF, a pathway-specific repressor of 2,4-DAPG biosynthesis, is a likely target for fusaric acid repression. One possible mechanism for the represssion is that fusaric acid increases the binding characteristics of the bacterial repressor-promotor complex (146) . The fungal pathogen may be interfering with the bacterial mechanism for autoregulation of 2,4-DAPG biosynthesis as a defense strategy to thwart antagonism. Interestingly, salicylic acid produced by the bacterium also interacts with PhlF to repress biosynthesis of 2,4-DAPG.
This system presents compelling evidence for a coevolutionary interaction between the pathogen and antagonistic bacteria that are able not only to overcome growth inhibitory activity of fusaric acid, but in certain cases have also acquired the ability to overcome gene-repression activity. While the particular variant of F. oxysporum in this system may have a transient cohabitation with P. fluorescens in the tomato rhizosphere, in a broader ecological sense fusaric acid (and other mycotoxins), which appears to be produced by most forms of Fusarium (8), could have a greater influence on bacterial evolution in crop residues or on crop plants in general, where much greater population interactions can be expected. Indeed, Notz et al. (120) have demonstrated that nonpathogenic F. oxysporum producing fusaric acid also repress phlA gene expression in P. fluorescens CHA0.
Gaballa et al. (56) identified the disaccharide trehalose as a positive signal released by Pythium debaryanum that induces P. fluorescens genes involved in fungal antagonism (Table 2) . Trehalose is a common storage molecule in many fungi (55), suggesting that this signaling may be fairly nonspecific. Notz et al. (121) used a lacZ reporter fusion to demonstrate that root infection with P. ultimum stimulated expression of the 2,4-DAPG biosynthetic gene phlA by P. fluorescens CHA0 on both maize and cucumber. Bacterial gene expression was independent 514 DUFFY SCHOUTEN RAAIJMAKERS of host effects on rhizosphere colonization, suggesting that a pathogen signal may have positively affected phlA expression.
The first example of signaling described between a pathogen and a fungal biocontrol agent involves mycotoxigenic Fusarium and mycoparasitic Trichoderma. Grain contamination with trichothecene mycotoxins, particularly deoxynivalenol (DON), produced by Fusarium species results in tremendous economic losses worldwide. Although DON has some influence on pathogenicity, as with fusaric acid, its broad-spectrum toxicity hints at a wider ecological role in saprophytic survival. Antagonistic Trichoderma species, which produce cell wall-degrading lytic enzymes and inhibit Fusarium, are a primary competitor in crop residues. Défago and colleagues have recently found that DON produced by Fusarium culmorum and Fusarium graminearum acts as a negative signal repressing the expression of nag1 chitinase gene in Trichoderma atroviride (formerly T. harzianum) by as much as 50% in vitro and in maize residues (100). Repression appeared to be specific for nag1 with no effect observed on the expression of another chitinase gene, ech42. However, since chitinases act synergistically during mycoparasitism (97), repression of one antagonist gene may provide sufficient protection to the pathogen. The degree of antagonist gene repression in maize residues was cultivar dependent, with the greatest repression observed on maize cultivars that supported the highest levels of DON production by the pathogen. The antagonist in these studies did not have any effect on biosynthesis of DON by the pathogen (100). Other microorganisms coexisting in this habitat, however, do affect mycotoxin biosynthesis in Fusarium and could short-circuit this pathogen defense strategy, altering the outcome of multitrophic competitions. For example, DON-nonproducing strains of Fusarium subglutinans, which also colonize grain, suppressed DON biosynthesis in F. graminearum by 62% but did not degrade existent DON (30). Crop residues are the natural habitat where these fungi most intensively compete and thus where defense strategies most likely evolved. From a crop-protection perspective, pathogen reduction in residues is key to minimizing infection of subsequent crops, particularly in reduced tillage systems. Just as with 2,4-DAPG producing pseudomonads, negative pathogen signaling must be considered in designing effective biocontrol strategies for mycotoxigenic Fusarium using chitinase-producing Trichoderma strains, perhaps by combining strains or selecting DON-insensitive strains.
Pathogen Degradation of Toxins Produced by Fungal Competitors
Degradation of antimicrobial compounds produced by competitor microorganisms can provide reprieve from antagonism. Hydroxylation of hydrocarbon compounds is a fungal strategy for eliminating toxic metabolites (79). The antagonist Trichoderma harzianum produces the antibiotic 6-pentyl-α-pyrone, which has the dual effect of inhibiting pathogen growth and also downregulating genes in F. graminearum for the biosynthesis of trichothecenes, a class of mycotoxins with 515 broad-spectrum antimicrobial activity that likely contribute to the ecological fitness of the pathogen. The antagonist or its purified antibiotic can reduce production of deoxynivalenol (DON) by as much as 80% (30), and antagonist antibiotic genes are upregulated by the presence of the pathogen (29, 30). In its defense, Fusarium degrades 6-pentyl-α-pyrone, but for most isolates degradation is slow and ineffective. One Fusarium isolate adept at metabolizing the Trichoderma antibiotic also produced the most DON in the presence of the purified antibiotic or the competitor (30).
Cercosporin is a virulence factor produced by many fungi in the genus Cercospora that is highly toxic to most organisms, including plants, animals, and fungi (112) . A surprising proportion of the microorganisms identified in screening for cercosporin degradation in disease control efforts are phytopathogenic Xanthomonas campestris pv. zinniae (112) . This raises the possibility that pathogen degradation of another pathogen toxin could be a mechanism to gain a competitive advantage. A final scenario is that one pathogen may piggyback on the ability of another to degrade antifungal compounds. This has been elegantly demonstrated in the obligate lichenicolous Nectria parmeliae, which takes advantage of the ability of lichenicolous Fusarium to degrade antifungal toxins produced by the lichen (81). It is easy to imagine a succession of pathogens relying on initial detoxification of an antagonist antibiotic by Fusarium, such as degradation of 2,4-DAPG described above.
Resistance to Volatiles
A wide variety of microorganisms produce volatile compounds, including alcohols, aldehydes, aromatics, sulphides, and ketones (187). Several studies have shown that volatile organic compounds are produced in soil and plant-associated environments (157, 188) . Wheatley (187) referred to volatile organic compounds as ideal "infochemicals" in microbial interactions because of their ability to be effective over a wide range of spatial scales. Several volatiles produced by bacterial and fungal genera, including Serratia, Pseudomonas, and Trichoderma spp., exert deleterious effects on the in vitro growth of diverse fungi, including wood decay fungi and plant pathogenic fungi like G. g. var. tritici, Phytophthora cryptogea, and V. dahliae (4, 188). Hydrogen cyanide (HCN) is probably one of the best known examples of a volatile compound involved in biocontrol (61a). In studies employing mutants of P. fluorescens strain CHA0 defective in HCN biosynthesis, it was shown that HCN accounts, at least in part, for the ability of strain CHA0 to suppress Thielaviopsis basicola, the causal agent of black root rot of tobacco (181). HCN production appears to be a more widespread characteristic of many antagonistic P. fluorescens strains, particularly those that produce 2,4-DAPG (76) .
Defense strategies of plant pathogens to volatile compounds produced by biocontrol agents have, to our knowledge, not been studied in detail. Mackie & Wheatley (102) reported that volatile organic compounds produced by a diversity of root-colonizing bacteria inhibit growth of many plant pathogenic fungi but 516 DUFFY SCHOUTEN RAAIJMAKERS that P. cryptogea and G. graminis apparently exploit these volatiles for directional growth toward root surfaces harboring the producing bacteria. Wheatley (187) reported that volatile organic compounds might have direct or indirect effects on the activity of specific fungal enzymes. These activities include a reduction in laccase activity and an increase in tyrosinase activity in Phanaerochaete magnoliae (102). Tyrosinases are involved in the biosynthesis of melanins (14) . Laccases can also be involved in specific steps of melanin biosynthesis, as was demonstrated for the synthesis of 1,8-dihydroxynaphthalene (DHN)-melanin in Cochliobolus heterostrophus, Magnaporthe oryzae, and G. graminis (5, 46, 164) . These laccases mediate the polymerizations of the immediate precursor DHN into DHN-melanin. However, DHN itself has antibiotic properties. Thus, one may speculate that the observed upregulation of tyrosinase activity and downregulation of laccase activity could result in the accumulation of the antibiotic DHN. Volatile organic compounds produced by antagonistic microorganisms may therefore act as a signal for the fungus to increase its own competitiveness via induction of structural and biochemical defense mechanisms.
With respect to defense strategies in fungi to HCN, it was suggested that prolonged application of HCN-producing biocontrol agents may select for pathogens containing cyanide-resistant respiratory pathways (62) . Indeed, Osbourn (124) reported that a range of plant pathogenic fungi can tolerate HCN and that for some of these fungi, including Microcyelus ulei, HCN tolerance is attributed to cyanide-resistant respiration. Other pathogenic fungi, including Fusarium lateritium, Gloeocercospora sorghi, and Stemphylium loti, are able to detoxify HCN by conversion of HCN to formamide via the cyanide-inducible enzyme cyanide hydratase [see (124) and references therein]. A recent search in the NCBI database yielded at least two other plant pathogenic fungi, Fusarium solani and Leptosphaeria maculans, in which cyanide hydratases were discovered. Collectively, these observations suggest that specific defense mechanisms against HCN, and possibly other volatile compounds, are present in a range of plant pathogenic fungi. The significance of these defense mechanisms against volatiles in interactions between plant pathogens and biocontrol agents remains to be tested.
PATHOGEN DEFENSE AGAINST COMPETITION
Meddling with Antagonist Population Dynamics
Population growth of certain antagonists can be stimulated by plant damage caused by pathogen attack. A capacity to rapidly exploit the nutrients leaking from wounds is considered an important feature of many effective biocontrol strains (27, 185). Root damage caused by fungal pathogens has been positively correlated with rhizosphere colonization of specific bacterial biocontrol agents (185), but wounds caused by pathogens also can stimulate total populations of indigenous microorganisms nonspecifically (12, 156) . In ecological terms, it would be advantageous for pathogens to reduce the competitiveness of potential antagonists, possibly by 517 orchestrating the indigenous microbial community to foster members that may interfere with the activity of potential antagonists.
Mazzola & Cook (106) observed differential effects of target and nontarget pathogens on populations of introduced P. fluorescens. The target pathogens G. g. var. tritici, P. aristosporum, and Pythium ultimum var. sporangiiferum, which were inhibited by P. fluorescens Q72a-80, either stimulated or had no effect on populations of this bacterium in the wheat rhizosphere. In contrast, the nontarget pathogen Pythium irregulare, which was not inhibited by Q72a-80, reduced population growth of this strain. P. irregulare is also a nontarget pathogen for P. fluorescens 2-79, and rhizosphere populations of this biocontrol strain were reduced in the presence of this fungus. However, not all nontarget pathogens had this effect. The other two Pythium species stimulated populations of P. fluorescens 2-79 even though this strain had no inhibitory action against them (106).
Pythium ultimum is a target pathogen for P. fluorescens F113, which is applied for control of sugarbeet damping-off. O'Gara and colleagues screened random lacZ-tagged transposon insertions for response to Pythium mycelial macerations in an elegant approach to identify pathogen signals for bacterial genes. They found that an undetermined mycelial component(s) repressed a few genes that were important for rhizosphere colonization by the biocontrol agent (48). One of the bacterial genes repressed by the pathogen, gltB, encodes the large subunit of glutamine synthase, which is involved in nitrogen assimilation (Table 2) . Its repression would presumably reduce bacterial competitiveness under NH + 4 -limiting conditions. The other repressed genes identified were two rrn operons, which are proposed to be involved in growth under conditions that should favor rapid growth (154) . Pathogen repression of these genes may reduce competition for nutrients released from lesions. Nevertheless, repression of gltB and rrn genes had no effect on the biocontrol activity of this strain, which relies on the production of antibiotics that are not repressed by this pathogen (48). The fact that such a defense strategy has evolved, however, suggests that it likely serves the pathogen well against many other potential competitors in the indigenous microbial community, just not against F113. There is likely an ongoing struggle of pathogens to suppress competitor growth and antagonists to out-compete pathogens. Lee & Cooksey (82) reported that undetermined signal molecules produced by Phytophthora parasitica induced Pseudomonas putida genes encoding a putative ABC transporter and diacylglycerol kinase. In this case, being able to sense the presence of the target pathogen enhanced the ability of the antagonist to colonize its hyphae and inhibit pathogen growth.
A recent approach to improving biocontrol is through systematic selection of biocontrol strains that have a high degree of overlap with the target pathogen in nutritional utilization patterns. Application of this approach to bacterial and yeast biocontrol agents aims to deploy strains that most effectively compete with pathogens in nutrient-limited environments like the phyllosphere (71) . Pathogen populations as a whole often are adept at utilizing a wide range of nutritional compounds, which raises the question as to whether repetitive application of such 518 DUFFY SCHOUTEN RAAIJMAKERS biocontrol strains could direct the evolution of pathogen strains with greater nutrient scavenging ability. Similarly, the ability of bacterial biocontrol agents to utilize heterologous siderophores produced by coexisting bacteria appears to enhance their ecological competitiveness (94, 136). Whether pathogens also exploit such cross-feeding strategies to gain a competitive advantage over antagonists and the effect of such an advantage on plant disease remains to be investigated.
Shutting Out Competitors (Lifting the Drawbridge)
Plant invasion is a basic strategy for pathogens to avoid epiphytic competitors; this works best when competitors can be shut out for as long as possible. Many Pseudomonas syringae pathovars produce the lipodepsipeptides, syringomycin and syringopeptin. These are considered first and foremost to be virulence factors (15) . An early effect of these phytotoxins is to close stomata, a point of pathogen entry into plants (40, 116) . By shutting these natural openings once it has entered the plant, the pathogen may impede its pursuit by potential antagonists inside the plant host. Whether competitor microorganisms have developed ways to overcome this escape tactic has not been investigated, but fusicoccin produced by mycotoxigenic Fusarium opens plant stomata (105) and can reverse the effects of syringomycin (116) . A related strategy is to physically impede competitors from sharing in a food cache. The downy mildew fungus of lettuce, Bremia lactucae, forms callose plugs around the outer germ tube and appressorium after invading host cells, thereby preventing leakage of nutrients and entry of competitors.
Altering the Environment
Agrobacterium tumefaciens is a classic example of a pathogen escaping competition by customizing its environment, in this case by programming the host plant to produce unique carbon compounds, opines, that can be utilized by the pathogen but relatively few other organisms. The competitive advantage secured by opine utilization has been exploited in the design of model biocontrol systems where Pseudomonas inoculants are engineered to utilize unique opines that transgenic host plants have been engineered to excrete (143) .
Certain fungi alter their physical environment to gain an ecological advantage over potential competitors. Sclerotinia sclerotiorum produces oxalate, which acidifies its ambient environment (44) to a pH less conducive to general bacterial growth. Reduced pH interferes with the biocontrol activity of P. fluorescens (126) because it drastically diminishes biosynthesis of phenazine antibiotics by the bacterium (153) . Oxalate-mediated pH reduction bolsters fungal defenses against antagonism through stimulation of lytic enzyme biosynthesis and sclerotial formation (140) . Reduced pH also increases iron availability and stimulates fungal siderophore biosynthesis, which would enhance fungal competitiveness for limited iron resources (191) . This is in addition to the direct inhibitory effects of oxalate on growth, sporulation, and mycotoxin production by competitor fungi (44). Maize leaf tissues killed by T toxin produced by Helminthosporium maydis dry to an extremely low water potential (below −100 bars), which effectively prevents growth of most epiphytic bacteria but allows for necrotrophic growth of the pathogen free of these competitors (27).
Co-Opting Plant Host Defenses
Hijacking plant host defenses may be a metabolically inexpensive mechanism for pathogens to gain advantage over competitors. Botrytis cinerea is a necrotrophic pathogen that triggers a plant hypersensitive response (HR) involving the release of reactive oxygen species and hypersensitive cell death. This response blocks the progress of biotrophic pathogens and at the same time facilitates plant colonization by B. cinerea (58) . Oxidative bursts are usually associated with incompatible plant/pathogen interactions that lead to an HR. Successful plant infection by E. amylovora and E. chrysanthemi, however, is characteristically associated with such toxic oxidative bursts that appear to be triggered by pathogen hrp type III secretion systems (177). Whether the plant is simply wise to the ways of the pathogen, or whether the pathogen has evolved a mechanism for intentionally triggering host defenses is debatable. Many plant pathogens have self-protection systems against oxidative damage, such as manganese-containing superoxide dismutase and bacterial exopolysaccharides in the case of Erwinia spp. (142, 177) . The bursts are short-lived and are generally considered more a plant signal for turning on other defenses like phytoalexin production, but this may be all the head start that the pathogen needs. Phytoalexins generally have greater inhibitory activity against secondary colonists (27), and by reducing microbial competition their induction may be advantageous to the inducing primary invaders. Selection for resistance to plant toxins in pathogen populations, as described above, supports this hypothesis.
Pathogen Toxins as Chemical Defense
Plant pathogenic fungi produce an astonishing array of toxins with broad-spectrum activity against animals and microorganisms that function to improve ecological competitiveness. Lewis & Lumsden (87) reported that metabolites of root pathogenic R. solani reduced mycelial growth and conidia production of the antagonists Trichoderma hamatum, T. harzianum, and Trichoderma viridae. Metabolites of pathogenic P. ultimum also reduced conidia production but actually stimulated mycelial growth of the antagonists (87). Sclerotia of Rhizoctonia carotae, Rhizoctonia cerealis, and Typhula incarnate contain antibiotic compounds that inhibit growth of antagonistic B. subtilis (26). One of the earliest demonstrations that antibiotics play an ecological role in nature is the classic example of Cephalosporium graminearum. This wheat pathogen produces broad-spectrum antimicrobial compounds in host tissues in order to prevent displacement by saprophytic microorganisms after plant death (22). Mycotoxins produced by several groups of fungal pathogens, notably members of Aspergillus, Pennicillium and Fusarium, are multifunctional metabolites that offer protection from abiotic environmental stress, as in the UV-protecting activity of Penicillium verrucosum (162) , and broad-spectrum protection against animals and microorganisms. Generally, it appears that slowly growing fungi, which are less efficient than quickly growing fungi at escaping competition by entering specific niches, have a higher incidence of antagonism against competing fungi (57). Perylenequinones, most notably cercosporin, are photosensitizers produced by a wide range of phytopathogenic fungi that are important factors in plant pathogenesis, but also have high toxicity against bacteria and nonproducing fungi (36).
Pseudomonas syringae pathovars and other pathogenic Pseudomonas spp. produce lipodepsipeptides, notably syringomycin, syringotoxin, and syringopeptins, which are key virulence factors (15) . The fact that nonpathogenic epiphytic isolates of P. syringae also produce these (2, 23) points to an additional ecological role of these toxins. These bacterial toxins have broad-spectrum activity against potential competitor epiphytic and parasitic microorganisms (182), with each toxin having a slightly different range of activity. For example, syringopeptin has high activity against Gram-positive bacteria, and syringomycin is especially inhibitory of fungal growth and conidial germination, particularly yeasts. Further evidence for a role in pathogen competition is the fact that lipodepsipeptides act synergistically with microbial cell wall-degrading enzymes produced by the pathogen to inhibit other microorganisms (52). Trichoderma cell walls are protected from the action of cell wall-degrading enzymes, and no synergism was observed against this antagonist.
PATHOGEN DEFENSE AGAINST PARASITISM
Bacteriophage Resistance
Bacteriophages are parasitic viruses that infect bacterial cells. They are found ubiquitously in nature, but are most easily isolated from aquatic environments even standing water in agricultural fields (45). Bacteriophages have been utilized for biocontrol of phytopathogenic bacteria (45, 180) and may have extended application for reducing the occurrence of human pathogenic bacteria on fresh produce (85). Phages typically exhibit a high degree of specificity, which has been exploited for bacterial typing in public health epidemiology. High specificity, however, can also give rise to rapid resistance development, a fact that has complicated bacteriophage therapy in medicine (163) and could interfere with biocontrol of plant diseases. Schnabel & Jones (145) proposed bacteriophage for biocontrol of fire blight, but they found that the ability of five phage variants isolated from field sites to infect a large collection of strains of E. amylovora varied dramatically. None of the pathogen strains was sensitive to all five phages, and several of the pathogen strains were resistant to multiple phage variants. In Erwinia carotovora subsp. atroseptica, nearly 75% of pathogen strains were insensitive to the newly characterized phage M1 (165) , and E. c. subsp. carotovora rapidly developed resistance to phage ZF40 (166) . Resistance is based on several mechanisms, the most important of which stems from pathogen cell wall changes that impair phage adsorbtion, as seen with Xanthomonas campestris pv. malvacearum (54). To avoid problems 521 with bacteriophage resistance developing in bacterial pathogens, mixtures of hostrange mutants (h-mutants) are recommended (50). Much of our understanding of bacteriophage resistance comes from decades of research to preserve Lactobacillus dairy starter cultures (25), and this expertise may be useful for preventing bacteriophage problems in bacterial inoculants used for biocontrol of plant diseases (75) .
Pathogen Structural Barriers and Induced Sporulation
Pathogens have diverse responses to inclement environmental conditions, and the same strategies are employed to withstand microbial antagonism (6). Fusarium udum, causal agent of pidgeon pea wilt, forms vacuolated mycelia and chlamydospores for protection against the mycolytic activity of B. subtilis (63) . Melanin is a primary defense system in all organisms that produce it. Melanin and its precursor compounds enhance the ability of pathogenic fungi to resist microbial lysis, and melanized fungal biomass survives years in soil whereas hyaline spores and hyphae are quickly lysed. Melanin provides substantial protection against hydrolytic enzymes produced by many types of antagonists. The ability of cellulose, chitinase, and glucanase to degrade pathogen cell walls is inversely related to cell wall melanin content, and these cell wall-degrading enzymes are bound in a noncompetitive irreversible manner with melanin (14) . Even within a species such as R. solani, different isolates can exhibit tremendous variation in susceptibility to lysis (93). Relative resistance among varieties of G. graminis to microbial lysis is positively correlated with the melanin content in hyphae, and melanin extracted from these fungi strongly inhibits lysis of living mycelia of the same fungus by lytic enzymes from the bacterial antagonist Streptomyces lavendulae (167). In addition to providing a physical/biochemical shield, melanin from the wood-rot fungus Phellinus weirii has broad-spectrum antibiotic activity against potential competitor microorganisms (14). Antagonistic P. fluorescens induces laccase, an enzyme involved in melanin polymerization, in R. solani (33). Antagonistic B. subtilis induces laccase in the wood-rot fungus Hypholoma fasculare (59) . Laccase induction appears to be a cellular response to calcium influx, which is a general cellular signal of fatal stress (33). In addition to assisting in melanization, laccase-derived free radicals may also serve pathogens by detoxifying antifungal compounds (21). Fungal resistance to lytic enzymes may also be influenced by cell wall hydropolysaccharides insensitive to glucanase and chitinase, as in the case of chlamydospores of Fusarium solani f.sp. cucurbitae (172).
Attack by the obligate mycoparasite Aphanocladium album induces precocious teliospore formation by the rust fungi Puccinia graminis f.sp. tritici, Puccinia dispersa, and Puccinia sorghi (53). A. album aggressively attacks aecio-and uredospores, colonizing 100% of these, but teliospores are relatively resistant to mycoparasitism with less than 2% colonized and the rest remaining undamaged (80). Thus induction of sexual teliospores may be a mechanism for genetic escape from the mycoparasitic attack in that, while the thallus may ultimately succumb, the genetic material for future host plant infections is conserved. Epiphytic Pseudomonas strains stimulate the germination of spores and formation of appressoria in Colletotrichum species that are pathogenic to weeds (49, 144) and crops (84, 108). By entering a plant host, the pathogen escapes bacterial competitors on the plant surface Colletotrichum dematium f.sp. spinaciae, which also releases such nutrients into the conidosphere, is not susceptible to Pseudomonas-mediated inhibition of conidia germination and in fact is stimulated to form more appressoria on both plant surfaces and on glass slides (19) . Siderophore-mediated iron depletion by epiphytic Pseudomonas species appears to be a major mechanism for stimulation of appressorial induction (108, 152) . This is clearly an advantage available only to certain pathogens.
Reverse Mycoparasitism
Mycoparasitism is a primary mechanism of biocontrol of many antagonistic fungi, particularly Trichoderma species (70) . Several forms of plant pathogenic F. oxysporum have the ability to parasitize T. hamatum, T. harzianum, T. longibrachiatum, and T. pseudokoningii, sometimes mutually, and with all of the attendant parasitic hyphal interactions, including coiling, resistance sheath formation, and hyphal invasion (171). Reverse mycoparasitism is not limited to confrontation with antagonists. Fusarium and Rhizoctonia parasitize the hyphae of other pathogenic fungi that are potential competitors for the same plant hosts (11, 60, 171) .
Nematode Resistance to Parasitic Bacteria
Several species in the genus Pasteuria are obligate parasites of nematodes. Pasteuria penetrans is being intensively investigated for potential biocontrol of various root-knot nematodes, particularly Meloidogyne spp. The bacterium is highly specific with significant pathogenic variability observed between species of Meloidogyne, and even among races and biotypes within single field populations (24). Much of this specificity is attributed to bacterial spore attachment and nematode cuticular heterogeneity (38). Aside from natural variation in nematode susceptibility, resistance development has been demonstrated in Meloidogyne javanica and M. incognita to repeated application of single-spore isolates of P. penetrans (168). Resistance was suggested to involve spore-cuticle recognition, attachment, and infection. Resistance development could be ameliorated with application of several P. penetrans isolates as a biocontrol mixture.
PATHOGEN DEFENSE AGAINST HYPOVIRULENCE
The ascomycete fungus Cryphonectria parasitica (formerly Endothia parasitica) causes substantial damage and yield losses in chestnut forests and orchards, especially in North America (37). C. parasitica grows in and underneath the bark of chestnut trees, forming cankers and causing destruction of the tree. The observation in the 1950s in Italy of "spontaneous healing" of cankers led to the 523 discovery of hypovirulent isolates of C. parasitica (37). Hypovirulence refers to the reduced virulence of isolates of the chestnut blight fungus and is caused by infection with double-stranded (ds) RNA viruses of the genus Hypovirus (68) . Hypovirus infection of C. parasitica is persistent and nonlytic and is associated with specific stable traits, including the inability to effectively penetrate the host plant, reduced asexual sporulation, female infertility, and reduced pigmentation (122) . Recent studies have also shown that a series of changes at the molecular level occur in C. parasitica upon hypovirus infection, including the expression of protein kinase, cutinase, laccase, and pheromone genes [(37, 77) and references cited therein]. In Europe, C. parasitica has been effectively controlled for over 40 years with hypovirulent isolates of C. parasitica, indicating that biocontrol of this pathogen has remained relatively stable (128) . However, the effectiveness of hypovirulent strains of C. parasitica can be compromised by traits associated with hypovirulence, including reduced asexual sporulation and concomitant reduction in dissemination of introduced hypovirulent strains (101, 122).
To address the issue of defense strategies of C. parasitica against biocontrol with hypoviruses, one needs to consider the diversity of the pathogen and virus populations. A series of studies have shown that, based on vegetative compatability (VC), there is considerable diversity in populations of C. parasitica (31). Similarly, substantial diversity exists in the population of the hypoviruses, some of which are widespread geographically whereas others are only found in specific countries or regions within a country (129). Peever et al. (128) recently examined variation both in tolerance of fungal hosts to hypoviruses and in virulence among hypovirus isolates. From a population of C. parasitica, sampled from a chestnut forest in Italy, they obtained a total of 158 isolates that were subsequently screened for the presence of hypoviruses with dsRNA-specific monoclonal antibodies. Six hypovirus-infected and six hypovirus-free isolates were selected. The unique hypovirus isolates, plus a CHV1-control isolate, were transferred into each of the six virus-free C. parasitica isolates, resulting in 42 hypovirus-fungus combinations. The authors showed that among fungal isolates (within each hypovirus) and among hypoviruses (within each fungal isolate) there was significant variation in both fungal tolerance and in virulence of the hypovirus. For example, significant differences in sporulation were observed among fungal isolates when infected with five of six hypovirus isolates. Similarly, the canker area on field-inoculated chestnut trees differed significantly within a fungal isolate infected with different hypovirus isolates. Given that the observed differences, although statistically different, were relatively small, the authors concluded that biological control of chestnut blight was unlikely to break down due to evolution of tolerance to hypoviruses in the fungus. In this context, they postulated that tolerance to hypovirus infection in C. parasitica might impose fitness costs on tolerant isolates when the hypovirus infection is absent.
A second aspect of strategies in populations of C. parasitica to overcome or, better, escape from hypovirus infection relates to the fact that virus transmission is primarily restricted between VC types. Vegetative compatibility results in stable heterokaryons only if they share the same alleles at all vegetative incompatibility (vic) loci (32). Thus, one may postulate that rare VC types escape virus infection, resulting in a selective advantage over more commonly found VC types. To date, however, there is no support for this selective advantage. Liu & Milgroom (91) showed that hypovirus transmission between VC types decreased as the number of heteroallelic vic loci increased. By determining the underlying genetics of VC (32), it was further shown that transmission probabilities depended on the specific alleles at each vic locus (31). Additionally, Biella et al. (17) elegantly showed that the probability of virus transmission correlates negatively to the rate of cell death between incompatible isolates after anastomosis. In other words, similar to defense responses in plants and animals against pathogens, programmed cell death appears to be an essential element of the defense response in C. parasitica against hypovirus infection (17) . Vegetative incompatibility significantly reduces hypovirus transmission, but the barrier to transmission is not complete (31). In this context, Milgroom & Cortesi (109) postulated that this incomplete inhibition of hypovirus transmission may result in transmission between vegetative incompatible individuals often enough to prevent selection. They also stated that selection might not have occurred yet, since only one generation occurs in C. parasitica per year and therefore relatively few generations have occurred since its introduction into Europe and North America approximately 60 and 100 years ago, respectively.
IMPLICATIONS FOR THE DURABILITY OF BIOCONTROL
In this review, we have described several mechanisms by which pathogens can counteract microbial antagonism. To date, however, most of the defense mechanisms have been studied only in laboratory trials at the organism level and almost always with single isolates. One of the major challenges is to link pathogen selfdefense mechanisms found in vitro with processes that occur in pathogen populations in situ. With respect to biological control of plant pathogenic fungi and bacteria, we found very few examples that would indicate a potential breakdown of control by pathogens. The clearest example is resistance development in the crown-gall pathogen A. tumefaciens to agrocin 84 produced by antagonistic A. radiobacter, which results from horizontal gene transfer or other means (160) . Further examples are the work of Li & Leifert (88) on biocontrol of B. cinerea by B. subtillis strain CL27 and the work of Mazzola et al. (107) demonstrating that variation in sensitivity of the take-all fungus to antibiotics produced by Pseudomonas interferes with the ability of antibiotic-producing Pseudomonas strains to control resistant pathogen isolates. There are several explanations for this paucity of reports of breakdown in plant disease biocontrol. First, this may be due to a bias against reporting negative results. Holt & Hochberg (69) observed that regarding insect biocontrol "if the target pests evolve very rapidly, thereby escaping control, the attempt at biological control would be deemed a failure and so would not likely enter the published record." We think a more plausible explanation for the lack of documented examples is that, relative to chemical control, biocontrol of plant pathogenic fungi and bacteria is still applied at small and local scales, on a less frequent basis, and is usually targeted against one or very few pathogen species. These factors reduce the chances that dramatic shifts in pathogen populations toward resistance will occur.
From a population dynamic and evolutionary perspective, Holt & Hochberg (69) articulated that changes in pathogen populations will occur relatively slowly when (a) there is a lack of genetic variation in the target pathogen, (b) there are constraints on selection, (c) selection is weak, (d) selection is temporally inconsistent, and (e) the biocontrol agent coevolves with the target pathogen. In the past decade, molecular-based techniques have clearly shown that most, if not all, pathogen populations harbor substantial genetic variation. Therefore we do not consider reason a as a major limiting factor for pathogen populations to counteract biocontrol. Whether this applies to all plant pathogenic fungi and bacteria, however, will depend on the rates of several processes such as reproduction, recombination, and horizontal gene transfer that enable reallocation of pathogen defense traits among different strains and offspring (35). There are several studies describing constraints (trade-offs, fitness costs) on selection, thereby preventing or reducing the evolution of enhanced resistance. Probably the best example is the ecology and evolution of bacteriophage resistance in E. coli in which different mutations lead to differences in the physiological costs associated with resistance [reviewed in (20) ]. Another example of constraints on fitness is that pathogens may be able to escape the antagonist, but at the same time end up in refugia where resources for growth and reproduction are very limited. The spatial and temporal heterogeneity of the environments where both pathogens and antagonists reside are, in our opinion, important factors involved in the (lack of ) development of resistance in pathogen populations. A series of studies have shown that population densities of biocontrol agents of soilborne diseases vary among root systems of different plants or among roots of single plants by several orders of magnitude; introduced biocontrol agents usually follow a lognormal distribution with decreasing densities away from the inoculum source (95). Similarly, population densities of biocontrol agents introduced onto seeds and into phyllosphere and rhizosphere environments tend to decline substantially over a prolonged period of time (189) . Based on these observations one may conclude that in many biocontrol systems selection is weak and temporally inconsistent. This conclusion is supported by a series of risk-assessment studies [reviewed in (115) ], which show that introduction of antibiotic-producing biocontrol agents had a transient or undetectable impact on nontarget soil microorganisms and ecosystem functioning. In the case of antibiosis, there is still little knowledge about the spatial and temporal production patterns of introduced strains. Both the place and time of antibiotic production need to be considered with respect to resistance development in pathogen populations. An antibiotic may reach threshold concentrations for activity within certain microsites while remaining below this threshold level at other sites. These sites could serve as refugia for a substantial fraction of the pathogen population to reside unexposed to antibiosis or antagonism in general, and thus without selection pressure to hone self-defense mechanisms. Conserving refugia is a strategy recommended in the application of agrochemicals and deployment of transgenic plants to minimize development of pathogen and insect resistance. Blanket application of a synthetic or purified antibiotic derived from biocontrol agents, however, may more likely lead to selection of pathogen resistance, as has been seen with the agrochemical application of streptomycin and tetracycline. Potential interference with disease suppression afforded by native antagonist populations that produce such an antibiotic would need to be carefully considered.
A key difference between chemical and biological control is that antagonistic microorganisms are capable of evolutionary responses to changes in pathogen populations. Coevolution could be either constantly ongoing or reach a coevolutionary equilibrium where the level of control remains relatively stable (69) . In this respect, it is tempting to classify the natural biocontrol that occurs in disease-suppressive soils (186) as a coevolutionary equilibrium between the pathogen and the antagonistic microflora. The substantial genotypic diversity existing among antagonists that share a common biocontrol trait (137, 138) may be regarded as an adaptation, in part, to changes in pathogen populations. In this context, the application of mixtures of genotypically different isolates that share the same biocontrol trait may allow antagonists to better respond to changes not only in abiotic conditions but also in biotic conditions, resulting in a more stable biocontrol.
INTENSIFIED APPLICATION/TRANSGENE DEPLOYMENT Special circumstances that theoretically could alter expected evolutionary interactions described above are intensified application of biocontrol agents and deployment of transgenes. Assuming that both the scale and rate of application of effective biocontrol agents will increase in the near future, especially due to the ban on a range of chemical pesticides, can we expect an increase in the erosion of biocontrol systems? Will this be exacerbated by commercial incentive to go with a limited number of isolates because of exorbitant investment costs for product registration and marketing? Another consideration is whether the application of transgenic biocontrol agents having enhanced expression of a specific trait, or in which antagonistic traits are combined, will increase the chances of resistance development in pathogen populations. Transgenic bacteria designed to overexpress or otherwise alter the expression of antibiotic biosynthetic genes could elevate the selection pressure for emergence of naturally resistant pathogens. There is currently no evidence that this occurs, either direct with isolation of resistant variants or indirect by observing a breakdown in biocontrol. Utilization of transgenic antagonists designed to express multiple modes of action may be an approach to avoid such resistance development (9), but careful consideration should be given to the mechanisms combined. Based on studies of pathogen self-defense, we can suggest that traits vulnerable to cross-resistance should be avoided, such as introducing genes into a bacterial antagonist for two antibiotics that are both substrates of the same pathogen efflux 527 pump. The potential value of transgenic plants expressing biocontrol traits from microbial antagonists is just now being explored. Transgenic potato plants expressing antimicrobial T4 lyzosyme, for the purpose of controlling E. carotovora subs. atroseptica, selected for increased rhizosphere populations of lysozymeresistant P. putida (98). Such effects tend to be transient and there is no indication of any long-term ecological consequences. Transgenic plants expressing components of bacteriophage may have lower risk of resistance development in bacterial pathogens than application of living phage (127) . Biocontrol of plant viruses has not been considered in this review and the reader is referred to Falk & Bruening (47) for discussion of transgenic plants expressing antiviral traits. While there is no evidence that transgenes pose an inordinate risk, at least in terms of selection for pathogen resistance, an incentive remains to evaluate transgenes based on the traits expressed and on a case-by-case basis to demonstrate sensitivity of this still controversial issue and to ensure utmost precaution.
CONCLUDING REMARKS
Biological control of plant pathogens by application of antagonistic microorganisms to seeds or other planting material has been studied intensively over the past five decades. During most of that time it was not considered to be a commercially feasible strategy for crop protection. Significant progress has been achieved in the past 20 years, and several successful biocontrol products are now commercially available (108a). Nevertheless, variable performance remains an obstacle to the use of many more promising biocontrol agents in agriculture and horticulture. This variable performance has been ascribed to a multitude of factors, including poor survival and colonization by the introduced strain, and variable expression of key antagonistic traits. The examples given in this review indicate that self-defense mechanisms in pathogen populations may be an imortant factor in the variable performance by introduced biocontrol strains. Clearly, not all of the pathogen responses to antagonism are sufficiently effective to prevent biocontrol, and we suggest that there is a dynamic interaction between pathogenic microorganisms and their competitors. We also propose that many of the pathogen defenses reported here have developed to facilitate the ecological competence of pathogens. We hope the concept of pathogen self-defense will raise awareness of the dynamic structure of this interaction and will encourage further studies to elucidate pathogen responses to antagonism with the ultimate objective of exploiting this insight to develop more durable and reliable biocontrol strategies. 
